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Purpose: Air plethysmography (APG) has the potential to help evaluate different reat- 
ments for the prevention of  recurrence of  venous ulcers; however, there are little reported 
data on the variation and reliability of  the different parameters. This study aimed to assess 
the variation i different APG parameters in patients with chronic venous disease and to 
evaluate the reliability of  APG in test-retest ituations. 
Method: Seventeen patients (18 limbs) with chronic venous disease were recruited into 
this study. Subjects were asked to undergo tests on two occasions, 1 to 6 weeks apart. 
Three tests were performed at each visit, and three patients had 10 tests performed at one 
visit. The coefficients of  variation were calculated for repeated measurements and test- 
retest reliability, and the differences between the means of  three tests and the 10 tests 
were also analyzed. 
Results: The coefficients of  variation for the r peated measurements ranged from 7.5% to 
27% for the majority of  parameters of  APG. The differences between the means of  three 
tests and the means of  10 tests were less than 10% in this study. The coefficients of  
variation of  method error were approximately 10% in test-retest measures. 
Conclusions: This study has shown that evaluations of  calf pump function and venous 
reflux using APG display variations in repeated measurements and in the test-retest 
measures. The variations found within patients and on retesting patients on different days 
suggest hat APG is very unlikely to be able to detect small changes in the parameters of  
venous reflux and calf pump function. It is essential to understand the inherent variation 
of  APG measurements when they are used to assess treatments that are designed to 
improve venous function. (J Vasc Surg 1997;26:638-42.) 
Air p lethysmography (APG) was first used in the 
early 1960s to study relative volume changes in the 
lower l imb in response to postural  alterations and 
muscular exercise3 In recent years it has been widely 
used as a noninvasive method to evaluate patients 
with chronic venous insufficiency and to assess calf 
pump function and venous reflux. >5 This evaluation 
can also be extended to assess the effect o f  treatments 
that are aimed at improving venous reflux and calf 
muscle pump function. The feasibility o f  APG in 
evaluation o f  the results o f  venous surgery has been 
previously reported. 5 It  has also been reported that 
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APG is a valuable technique in the assessment of  the 
hemodynamic effects o f  different forms o f  elastic 
compression. 3 
Documentat ion  o f  the variability o f  such a 
method o f  assessment o f  function is particularly im- 
portant  when it is used to evaluate changes that result 
either by progression o f  the natural history or by 
therapeutic intervention in patients with chronic ve- 
nous disease. Some data on the variation and reliabil- 
ity o f  venous function have previously been reported 
on normal subjects; however, little data have been 
reported in patients with chronic venous ulcer- 
ation. 3,6 The lack o f  such data not  only makes inter- 
pretat ion o f  the results o f  repeat APG assessments 
uncertain, but there is also no clear indication o f  how 
many tcsts should be performed when undertaldng 
the investigation. I f  the reliability o f  the APG 
method is poor,  assessments based on those results 
will be inaccurate. In this study we have aimed to 
determine  the variation in the different measuring 
parameters and to cvaluatc test-retest reliability o f  
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the APG method in patients with chronic venous 
disease to assess the accuracy of using APG to moni- 
tor changes in limbs with chronic venous disease. 
M_ATERIAL AND METHODS 
Subjects. Seventeen patients with recently 
healed venous ulcers (18 lower limbs) were entered 
into this study. In our vascular laboratory, venous 
disease was considered to be the cause of  ulceration if 
the venous refilling time was less than 25 seconds 
using photoplethysmography. 7 There were 12 men 
and five women, with an average age of  73.2 years. 
Ten patients were wearing compression stockings 
during the study period, and these were removed 
immediately before the tests. The remaining seven 
patients were not wearing any form of  compression 
during the period of  this study. Patients with se- 
vere orthopedic problems were not included in this 
study. 
APG.  The details of APG have been described 
by Katz et al.2 In this study we used an APG ma- 
chine, which consisted of a tubular, polyvinyl chlo- 
ride air cuff (capacity, 5 L) that enclosed the whole 
leg from the knee to the ankle, a pressure transducer, 
a cuff-inflator air pump, amplifier, and recorder 
(LR8100, Model 3701, Yokogawa, Japan). The cuff 
was inflated to a pressure of  6 mm Hg with the air 
inflator, ensuring ood contact between the cuff and 
the leg. s The cuff was connected to a pressure trans- 
ducer, amplifier, and recorder, and an analogue trac- 
ing was obtained from the recorder. Calibration was 
performed by using a syringe to infuse and withdraw 
50 ml of air from the air cuff. The corresponding 
pressure changes were identified and printed on the 
recorder chart. The paper speed was 100 mm/min  
during the testing, and the pressure of the cuff was 
returned to 6 mm Hg before embarking on each test. 
The testing procedure was similar to that previ- 
ously reported and is not outlined here. 2,9 The previ- 
ously reported parameters of venous volume (VV), 
venous refilling time (VFT), venous filling index 
(VFI), ejection volume (EV), ejection fraction (EF), 
residual volume (RV), and residual fraction (RF) 
were all calculated. In addition, the tip-toe move- 
ments were repeated 10 times, after which the pa- 
t ient moved back to the original standing position. 
The leg venous volume was measured as after-exer- 
cise venous volume (AEVV, in milliliters). The time 
taken from the end of the 10 tip-toe movements to 
the new plateau was also recorded as after-exercise 
venous filling time (AEVFT, in seconds). Thevenous 
filling index after exercise (AEVFI) was then calcu- 
lated as a ratio of 90% of  the after-exercise venous 
volume (90% AEVV) to the time taken to achieve 
90% venous filling after exercise (90% AEVFT). 
This study involved the subiects undergoing tests 
on two separate visits, 1 to 6 weeks apart. Three test 
sessions were performed at each visit, and there was a 
3-minute resting period between testing sessions. 
Three of the patients underwent 10 test sessions 
within the same day. Patients were assessed at similar 
times of day for test-retest evaluations. 
Statistical analysis. SPSS (5.0) statistical soft- 
ware program was used for data collection and anal- 
yses in this study. 1° To evaluate variation in the 
measurement of different parameters of  calf pump 
function, the mean and the standard eviation of 10 
repeated measurements performed in each of  three 
patients were calculated. The coefficient of variation 
(CV) was used to describe the variation in the mea- 
surements. This is the ratio of the standard eviation 
of the mean, expressed as a percentage: CV = SD/  
Mean × 100%. 11 To determine the variation ob- 
tained if only three measurements were performed in 
each patient, the percentage difference between the 
mean of the first three measurements and the mean 
of the total 10 measurements was also calculated for 
each patient as a percentage of  the mean of  the 10 
measurements. 
The CV of method error was calculated for test- 
retest reliability using the formula CVME = 2 ME/  
(X1 ÷ X2). n In this formula, method error (ME) is a 
measure of the discrepancy between test and retest 
scores and is calculated as follows after determining 
the mean and standard deviation of the difference 
between the repeat tests: ME', = SD/x /2 .  Larger 
difference scores reflect greater measurement error. 
X1 and X2 represent the measurements from tests at 
the first visit and the following visit, respectively. The 
value of the CV of method error reflects the amount 
of variation in the difference scores in the test and 
retest measures and is relative to the size of the mean 
differences. The statistical analyses were performed 
by the first named author (D.Y.), following the ad- 
vice and direction of the other two authors. 
RESULTS 
Variat ion in measurement  o f  APG.  The 
means, standard deviations, and the CVs for the 
different parameters of calf pump function that were 
determined using 10 repeated APG tests on three 
different patients are reported in Table I. A lower 
variation was observed for VV and 90%VFT, with 
CVs ranging from 7.5% to 13.9%. The variations of 
the two most commonly used parameters, VFI (16.3 
to 22.3) and EF (9.8 to 24.9), were higher than 
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Table  I. Variation of different APG parameters 
Patient 1 Patient 2 Patient 3 
APG parameters Mean ++- SD CV Mean ± SD CV Mean ++- SD CV 
W 144.7 ± 14.5 10.5 70.0 +_ 8.1 11.6 
90%VFT 25.4 + 3.2 12.6 16.0 _+ 1.2 7.5 
VFI 5.2 + 0.9 17.6 4.0 -+ 0.7 16.3 
EV 62.7 _+ 8.0 12.7 43.3 -+ 2.9 6.6 
EF 43.5 +- 4.3 9.8 62.6 -+ 8.5 13.6 
90%AEVFT 6.1 -+ 0.5 7.5 2.5 -+ 0.6 25.6 
AEVFI 11.7 _+ 1.6 13.8 5.6 ± 1.5 25.9 
RV 101.9 _+ 15.1 14.8 34.4 ± 7.8 22.6 
RF 70.4 -+ 7.1 10.0 49.8 + 13.4 27.0 
105.9 -+ 13.6 12.9 
14.9 -+ 2.1 13.9 
6.6 -+ 1.5 22.3 
71.2 -+ 18.0 25.3 
67.2 -+ 16.7 24.9 
2.9 -+ 1.0 35.1 
14.7 -+ 9.5 64.7 
11.4 + 7.1 61.9 
11.0 + 7.1 64.6 
Table I I .  Comparison of three and 10 measurements of different APG parameters 
Patient 2 Patient 2 Patient 3 
APG parameters Mean 1 Mean 2 Diff% Mean 1 Mean 2 Diff% Mean 1 Mean 2 Diff% 
VV 139.8 144.7 -4.9 70.5 70.0 0.7 97.3 105.9 -8.1 
90% VFT 23.3 25.4 -2.1 16.2 16.0 1.3 16.2 14.9 1.3 
VFI 5.4 5.2 0.22 4.0 4.0 0 5.6 6.6 - 1.0 
EV 65.0 62.7 2.3 45.1 43.3 4.2 62.6 71.2 8.6 
EF 46.5 43.5 3 64.4 62.6 2.9 63.1 67.2 -4.1 
90%AEVFT 6.0 6.1 -0.1 2.9 2.5 16.0 3.6 2.9 0.7 
AEVFI 12.1 11.7 0.4 6.0 5.6 7.1 11.2 14.7 3.5 
RV 97.4 101.9 -4.4 36.1 34.4 5.0 13.6 11.4 2.2 
RF 70.0 70.4 -0.4 47.9 49.8 -3.8 13.9 11.0 2.9 
Mean 1, Mean of the first three measurements; M an 2,mean of all 10 measurements; Diff%, ([Mean 1 - Mean 2] / Mean 2) × 100%. 
would be considered acceptable. The remaining pa- 
rameters displayed variations that ranged from 7.5% 
to 27%. In one of three patients tested, the variations 
in the results for 90%AEVFT, AEVFI, RV, and RF 
were considerably higher, with the CV ranging from 
35.1% to 64.6%. 
The percentage difference between the means of 
the first three tests and all 10 test measurements for 
each APG measurement are shown in Table II. The 
absolute value of the difference for all measuring 
parameters was less than 10%, except he 90%AEVFT 
in one patient, which was 16%. The percentage dif- 
ferences for VFI and EF were -1.0% to 0.22% and 
-4.1% to 3.0%, respectively. 
Test-retest  reproducib i l i ty .  Table I I I  shows 
the CV of method error in test-retest ituations for all 
of  the APG parameters in 18 previously ulcerated 
limbs. There were some differences between the test 
and retest measurement for all of  the APG parame- 
ters. The standard eviation for the difference of two 
sets  of measurements ranged from of 1.9 to 22.2. 
However, when the CV of method error was used to 
evaluate the difference, it was noted that most mea- 
suring parameters had approximately 10% variation, 
with the exception of 90%AEVFT and AEVFI, which 
had 15.6% and 29.8% variations, respectively. The 
CVME for VFI was 13.4%, and for EF it was 10.73%. 
D ISCUSSION 
APG has been used to evaluate calf muscle pump 
function and venous reflux for patients with chronic 
venous insufficiency for more than 8 years2 Cur- 
rently, it has become one of the most useful quanti- 
fiable methods in the noninvasive laboratory. 2 Previ- 
ous studies have reported the diagnostic value of the 
APG method in determining the presence of chronic 
venous insufficiency. 8,12 More recently, one study has 
shown that APG is better than photoplethysmogra- 
phy and that the combinat ion of APG and duplex 
ultrasonography provide the best means of assessing 
venous function. I3 
When using the measurements obtained from 
APG to assess changes in the leg, particularly in 
response to therapies that are designed to improve 
venous reflux or calf pump function, it is important 
to know how variable the different parameters are in 
legs with chronic venous disease. There is only lim- 
ited information available regarding the reliability 
and reproducibil ity of this method. 6"14 It is impera- 
tive that this variation is lmown so that a practically 
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Table I l L  Test-retest variability of APG parameters for 18 limbs 
APG parameters X1 X2 X1 - X2 SD (X1 - X2) CVME 
W 111.5 112.4 -0 .9  22.2 7.00% 
90%VFT 28.4 27.2 1.2 7.1 8.96% 
VFI 5.0 5.9 0.9 2.1 13.40% 
EV 62.3 57.9 4.4 17.4 10.30% 
EF 60.0 55.7 4.3 17.5 10.73% 
90%AEVFT 4.6 4.2 0.4 1.9 15.55% 
AEVFI 9.8 11.8 -2 .0  9.1 29.79% 
RV 71.8 69.2 2.6 16.1 8.09% 
RF 62.7 60.0 2.7 16.4 9.50% 
XI ,  Mean of three measurements in first visit; X2, mean of three measurements in second visit; SD (X1 - X2), standard eviation of 
difference of two visits; CVM~ , coefficient of variation of method error. 
acceptable number of repeat ests can be performed 
to determine the result of  the test. 
It  has been proposed by others that because of 
the high within-patient variation for some parame- 
ters, it may be necessary to perform multiple tests to 
obtain a more reliable single measure (mean) in spe- 
cific patients, is The 10 repeated measures performed 
within individual patients in this study showed con- 
siderable variation for a number of the different pa- 
rameters that were measured. In particular, the CVs 
for venous filling index ranged from 16.3 to 22.3 and 
for ejection fraction from 9.8 to 24.9. The high CVs 
for AEVFT and AEVFI indicate that these are the 
least-reliable parameters. This variation certainly re- 
inforces the need to perform more than one test on 
each visit. 
This study compared the mean of three tests with 
the mean of 10 tests to assess whether the level of 
variation was acceptable. The difference between 
three and 10 tests varied from -8.6% to 8.0% for the 
majority of measuring parameters. In particular, the 
differences for the commonly used parameters VFI 
and EF are low. We believe these differences are 
acceptable and recommend that three testing ses- 
sions are more acceptable and practical in clinical 
testing, and that the mean of these tests be taken as 
the appropriate measurement. The small amount of 
variation between the mean of three tests and that for 
the mean of 10 tests indicates that three tests should 
be an appropriate number to perform at each visit. 
Test-retest reliability is of considerable clinical 
significance because it measures the variation when 
the test is performed on different visits) 1 We used 
the coefficient of variation of the method error 
(CVME), as described by Portney and Watldns, ll for 
this purpose. The CVME in the test-retest ituation in 
our study ranged from 7.0% to 15.6% for all parame- 
ters except AEVFI. It has been previously demon- 
strated that the test-retest reliability of the APG 
method is generally high. s,6 Christopoulos et al. s 
reported that the CVs for five patients (normal eg, 
one; deep venous disease, one; superficial venous 
disease, three) measured on five different days were in 
the range from 5.3 to 7.9 for VFI and 2.9 to 9.7 for 
EF. Katz et al. 6 also reported that normal subjects 
have reliability coefficients for test-retest data that 
range from 0.56 to 0.91 for VFI and 0.58 to 0.87 for 
EF, respectively. The CVs performed by Christopou- 
los et al. were obtained from data on five patients, 
none of whom had previously had chronic venous 
ulceration. Even in those patients the CVs were high; 
however, this does not give a clear indication of the 
amount of variation present in patients who have 
chronic venous disease that results in ulceration. The 
test-retest data published by Katz et al. were from 
tests performed on normal subjects, and correlation 
coefficients were used to evaluate test-retest measure- 
ments. The correlation coefficients quoted are, in 
fact, relatively poor correlations when one considers 
that they are measuring the same parameters in the 
same legs. The mean correlation coefficients for VFI 
of  0.78 and for EF of 0.74 do not show tight corre- 
lations between the two sets of measurements. The 
correlation coefficient is not the right test to be 
performed when looldng at test-retest situations. 
The results obtained from our study, based on the 
mean of three measurements at each visit, have 
shown that VFI and EF, the commonly used param- 
eters of APG, have moderate degrees of variation 
when tested on different days (CVME of 13.4% and 
10.7%, respectively). 
This study has shown that the evaluation o f  calf 
pump function and venous reflux in patients with 
previous venous ulceration using APG has inherent 
variation. It is therefore advisable to take the mean of 
at least three measurements for each parameter. 
When using APG parameters to assess treatments 
that are designed to improve calf pump function and 
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venous reflux in these patients, it is essential to know 
the inherent variation when tests are performed on 
different days, because this variation could lead to 
misinterpretation of results of treatment. These find- 
ings suggest that moderate-sized improvements in 
APG parameters will need to occur for these to be 
detected statistically. Small changes are unlikely to be 
detected unless very large samples are studied. 
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